The results of the comparative study of a quasi-equilibrium NiTi alloy's thermo-mechanical response to highrate and quasi-static straining in the temperature range of 100300
Introduction
The study of the thermo-mechanical response of nickeltitanium alloys to high strain rate loading has attracted particular interest because of the intensive trials to apply these materials as sensors and actuators for civil engineering and airspace techniques, where the high and stable functional properties of NiTi devices are in great demand [1, 2] .
The fact that the high stress amplitudes of the shortterm loads tend to vary the mechanical and functional properties of a device determines the complexity of such applications. At least to decrease the eect of the exploiting temperature on the structural stability (and thus on functional properties) of the devices, the alloys' ageing is applied as an ultimate technological operation, which results in the creation of a quasi-equilibrium structure that is more stable with variations in the external temperature.
The structural peculiarities of the quasi-equilibrium state of the NiTi alloys and general regularities of their response to high-rate loading at temperatures in the range of 20300
• C were described and discussed earlier [36] . Briey, the martensitic transformation in such an alloy revealed a three-stage character associated with heterogeneous distribution of Ni 4 Ti 3 precipitates. Two stages were caused by the B2 → R → B19 transformation that took place in the areas close to the grain boundaries enriched with the precipitates, and one stage by the B2 → B19 transformation that took place in the interior of a grain free of precipitates [7, 8] . Thermo-cycling * corresponding author; e-mail: a.razov@spbu.ru of unstrained and unloaded quasi-equilibrium NiTi specimens through the interval of martensitic transformations demonstrated the reversing strain behaviour upon cooling [5] . From the comparative analysis of experimental data obtained in high-rate and quasi-static tension it could be concluded that the strain rate did not change the basic structural mechanisms of straining [4] .
The observed distinctions in the mechanical responses to the high-rate and quasi-static tension of the alloy in the martensitic and two-phase states were interpreted as the result of distinct sequences of the acting reversible and irreversible structural mechanisms of straining [6] .
In particular, the generation of dislocations at the earliest stages of high-rate straining in comparison with quasistatic straining, where dislocation plasticity joined the deformation process at the latest stages, reduced the completeness of the reversible mechanisms' realization and thus led to lower magnitudes of one-way and twoway shape memory eects (OWSME and TWSME) after high-rate tension. The more pronounced self-heating of specimens on the high-rate straining was shown to cause a narrowing of the temperature range of the one-way shape memory exhibition and shifted the corresponding OWSME and TWSME dependences on the test temperature to lower temperatures. The above relationship between functional properties after quasi-static and highrate tension was violated at test temperatures higher than the A f temperature. Both types of tension in the range of the A f to M d temperatures resulted in almost equal magnitudes of strains associated with the OWSME and TWSME.
The aim of the present study was to clarify the details of the high-rate and quasi-static tension of a quasiequilibrium NiTi alloy in fully austenitic state by analyzing the OWSME and TWSME, acquired after both sets (592) of experiments in the temperature range of 100300 [3] as a cross-point of the plots σ max the maximal stress achieved at the rst stage of the high-rate tension, and σ ph the phase yield threshold of the austenite, as functions of test temperature, was about 160
• C.
The high-rate tension at a strain rate of about 10
in the temperature range of 100300 • C was performed, using the modied split Hopkinson pressure bar (SHPB)
technique [9] . The quasi-static tension at a strain rate of 10 −3 s −1 in the same temperature range was executed in the universal machine for mechanical tests Lloyd 30K
Plus, equipped with a thermal chamber. Residual strain ε res was from 15 to 25%.
To analyze the functional properties of the alloy specimens after both types of tension, the heating/cooling cycling through the temperature range of martensitic transformations without external load was conducted in a special device [10] . The heating and cooling rates in this case were 12 degree/min. The magnitude of the strain restored, which characterized the shape memory eect of the alloy after high-rate and quasi-static tension, was determined on heating, while the magnitude of the accumulated strain, which characterized the induced two-way shape memory eect, was controlled on cooling. (Fig. 1a and c) .
Results and discussion
It is worth noting that the features of the deformation behaviour above are typical for two distinct martensitic and austenitic types of two-way shape memory.
Taking into consideration that quasi-static tension of the same alloy at temperatures between the A s and A f temperatures resulted in the shaping of martensitic two-way shape memory only [11] , one may conclude that quasistatic tension at temperatures higher than the A f temperature promoted the shaping of the austenitic two-way shape memory. The combination of both martensitic and austenitic two-way shape memory eects in the specimens tensioned in the range of the A f to M d temperatures was the reason for the observed reversing two-way shape memory eect.
Principally, the deformation behaviour on heating/cooling cycling of the unloaded specimens after highrate tension did not dier remarkably from the deformation behaviour of the specimens after quasi-static tension:
the presence of strain accumulation on heating and reversing strain behaviour on cooling were similar (Fig. 2a) .
Moreover, after the high-rate tension at temperatures, 
Conclusion
The conducted study showed that the strain rate has a negligible eect on the NiTi alloy's thermo-mechanical properties after tension in the fully austenitic state, compared with the tension of the same alloy in the martensitic or two-phase state, when the increase in strain rate tended to decrease its functional properties. The reason for this is the participation of plastic deformation at the earliest stages of the austenite straining, whatever strain rate is applied, which annihilates the basic distinction between quasi-static and high-rate tension the participation of plastic deformation at dierent stages of straining. In the former, the plastic deformation joins the straining process at the nal stages, when the reversible mechanisms of straining are completed, but participates actively along with the reversible mechanisms at the earliest stages of the latter.
The participation of plastic deformation at the earliest stages of the austenite straining at any strain rate is determined by two conditions. Firstly, the B2 → R → B19
transformation cannot be completed, since the dependence on temperature of the critical stress for R → B19
stress-induced transformation is very steep, starting from the A f temperature, and only the rst step of this reaction B2 → R transformation, the sense of which is the plastic stretching of B2 cubic crystal lattice along the diagonal in the 111 direction, is realized under external load. Secondly, the rise of test temperature is accompanied by an increase in critical stress for stress-induced B2 → B19 transformation. Thus, while the test temperature increases from the A f temperature towards the M d temperature, more and more of the austenite undergoes plastic deformation from the very beginning of the straining.
The existence of distinct areas in quasi-equilibrium austenite in the grain interior and in the grain boundary, and the distinctions in their straining processes are responsible for the shaping of martensitic and austenitic two-way shape memory eects, the simultaneous presence of which after tension in the range of the A f to M d temperatures determines the reversing shape memory effect. By regulating the tensile test temperature in this range, one may regulate the participation of each type of two-way shape memory, which determines the length of the reversing movements of the special NiTi actuators.
The tension at temperatures higher than the M d temperature results in the shaping of austenitic two-way shape memory only, the magnitude of which is independent of the strain rate.
